Recent physiological investigations have demonstrated that a neuron's area of spatial summation can vary depending on stimulus contrast. Specifically, when the same stimulus is presented to a neuron at a low contrast, the area of summation (or neuron's receptive field) can increase by at least a factor of two, compared to that estimated with a high contrast stimulus. We sought to examine this phenomenon psychophysically by using an orientation discrimination task carried out in the presence of contextual stimuli. We have found previously that orientation discrimination thresholds for a sine-wave grating are elevated by the presence of a surround pattern of similar orientation (with an offset) and spatial frequency. However, when these patterns were separated by a gap of mean luminance exceeding roughly 1 deg, thresholds dropped to the level measured using the center pattern alone. Here, we examined the surround pattern's effect on orientation thresholds as a function of the contrast of the center and surround. We find that when both are presented at a low contrast, the detrimental influence of the surround on orientation thresholds is maintained over larger gap separations. We also find that the spatial frequency and orientation selectivity of the surround's masking effect on orientation thresholds is broader at low contrast than at high contrast. Although the results support the idea of a spatial reorganization of the mechanisms involved in the task at low contrast, these changes are insufficient, in and of themselves, to account for the data. We suggest that additional influences possibly reflecting image segmentation also affect performance.
Introduction
Results from recent physiological studies in the macaque visual cortex suggest that the classical notion of a fixed size receptive field is inaccurate (Sceniak, Ringach, Hawken, & Shapley, 1999; Kapadia, Westheimer, & Gilbert, 1999) . These experiments have shown that a neuron's receptive field measured with an optimal stimulus at a low contrast can be from two to four-fold larger than when measured with the same stimulus at a high contrast. Sceniak et al. (1999) interpret this finding as a trade-off in the visual system between resolution and sensitivity. When stimuli are presented at a low contrast, spatial resolution is sacrificed at the benefit of improved sensitivity. This finding suggests that the mechanisms underlying receptive field structure are complex and dynamic.
Many experiments investigating contextual stimuli have been motivated by the notion of complex interactions occurring within and beyond a receptive field. In these studies, stimuli presented outside of a neuron's receptive field have been found to influence the neuron's response to a stimulus presented within its receptive field (Nelson & Frost, 1978; Li & Li, 1994; Kapadia, Ito, Gilbert, & Westheimer, 1995; Silito, Grieve, Jones, Cudeiro, & Davis, 1995; Levitt & Lund, 1997; Sengpiel, Sen, & Blakemore, 1997; Polat, Mizobe, Pettet, Kasamatsu, & Norcia, 1998; Li, Thier, & Wehrhahn, 2000; Mizobe, Polat, Pettet, & Kasamatsu, 2001) . The influence of contextual stimuli on a neuron's responsivity has been accounted for by interactions from neurons (local or distant) modulating the cell's firing rate. However, finding that a neuron's receptive field size can be altered by the contrast of the stimulus suggests that the effect of contextual stimuli on a cell may be different at high and low contrast. This is what has been reported in macaque V1 where the existence of both inhibitory and excitatory effects have been found to depend on the relative contrast as well as the distance between the center and surround stimuli (Levitt & Lund, 1997; Polat et al., 1998) . These studies report that at suprathreshold contrast levels, the presence of collinear flanks suppresses the neuron's response. Similar results have been found in the cat visual cortex, where facilitation can be produced when the central stimulus is of a low contrast, but switches to inhibition when the contrast becomes higher (Sengpiel et al., 1997; Mizobe et al., 2001 ). However, a complete characterization of the nature and spatial extent of cortical inhibitory and excitatory interactions has not yet been done.
Psychophysical experiments have also examined influences of contextual stimuli on observer's performance. Typically a target stimulus is embedded in different surround patterns and observers are required to perform either a contrast task (Cannon & Fullenkamp, 1991; Solomon, Sperling, & Chubb, 1993; Polat & Sagi, 1993 Yu & Levi, 1998; Snowden & Hammett, 1998; Polat & Tyler, 1999; Solomon & Morgan, 2000) or an orientation judgment (Wehrhahn, Li, & Westheimer, 1996; Caputo, 1996 Caputo, , 1997 Li et al., 2000) . All of the above experiments support the notion that embedding a stimulus in a surround significantly affects observers' performance.
We sought to examine psychophysically the change in receptive field size associated with contrast using a contextual orientation task. We have found previously that orientation discrimination thresholds for a sinewave grating are significantly raised when the grating is embedded in a surrounding grating of a similar orientation and spatial frequency (Mareschal, Sceniak, & Shapley, 2001 ). This effect was found to be dependent on the gap width separating the center and surround stimuli; as the gap width was increased, the effect of the surround on thresholds decreased. If using a low contrast stimulus leads to an increase in a neuron's receptive field size, we hypothesize that this effect might be demonstrated by examining whether the effect of a surround stimulus on thresholds extends over a longer gap distance at a low contrast than at a high contrast.
In order to investigate psychophysically whether using low contrast stimuli influences the area of spatial summation, we performed the orientation contextual task at low and high contrast. In addition we examined both the orientational and spatial frequency selectivity of the effects at low and high contrast in order to investigate the manner in which signals are pooled across space at different contrasts.
Methods

Apparatus and stimuli
The stimuli were produced on-line using a Macintosh G3 and displayed in the center of a Sony Trinitron monitor. The monitor was viewed binocularly at a distance of 114 cm, had a mean luminance of 36 cd/m 2 , had a video attenuator connected and was calibrated using a UDT photometer. The screen resolution was 1024 Â 768 pixels (60 pixels per degree of visual angle) and was refreshed at 85 Hz. Stimulus generation, presentation, and observers' responses were all computer controlled and stored online. Experiments were run from within Matlab, using both Psychtoolbox (Brainard, 1997) and Videotoolbox (Pelli, 1997) routines.
Orientation discrimination tasks were performed on a stimulus which consisted of a circular patch of a 2 cpd sinusoidal grating measuring 3.1 deg in diameter. In the conditions employing a surround stimulus, the center and surround stimuli taken together covered 7.6 deg 2 , with the surround consisting of a sine-wave grating of the same spatial frequency. The center patch stimulus was always separated from the surround by a gap whose luminance was equal to the mean luminance of the display. Two contrast levels were tested in this experiment: 5% and 30%. In cases involving a center and surround, both were presented at the same contrast. Also, in order to keep the area covered by the surround constant in the experiments examining gap width (experiment 1), its absolute size was increased commensurately with that of the gap width.
In each experiment, a two-alternative forced choice stimulus procedure was employed. Observers were presented sequentially with two stationary stimuli and were required to judge whether the orientation of the second stimulus was shifted clockwise or counterclockwise relative to the orientation of the first stimulus. The sequence was as follows: a fixation point was presented for 100 ms then removed and followed by the first stimulus presentation (250 ms). A brief period (ranging from 500 to 750 ms) where the screen returned to mean luminance ensued, prior to the presentation of the second stimulus (250 ms). The observers' task was to indicate by a key press whether the stimulus shift between the two presentations had been clockwise or counterclockwise in orientation. Auditory negative feedback was provided on observers' errors. The spatial phase of the central patch grating was randomized between the two presentations so as to prevent observers from tracking the ends of the grating and thus using information about location rather than orientation to perform the task. The orientation shifts that were tested varied between the different observers and were randomly chosen from a pre-determined set of test values.
An example of the stimulus used in this experiment is illustrated in Fig. 1 , at 30% contrast in 1a, and 5% contrast in 1b. This stimulus is referred to as ''AEcollinear'', in that the center patch and surround were aligned (plus or minus a small orientation offset added to the surround only, as will be described below; see Fig. 2 ). This offset has been shown previously to impair performance on the orientation discrimination task (Mareschal et al., 2001) . In these conditions, the orientation of the center and surround stimuli were shifted by the same amount between the two flashes.
Rationale for adding an orientation offset to the surround: The small orientation offset was introduced initially to eliminate phase relationships between the center and surround gratings. The purpose of this was to force observers to use only the center patch to perform the task, preventing them from scanning the center and surround in an attempt to integrate the two. The orientation offset between center and surround was half of the orientation shift being tested in a given condition, and was set randomly to be positive or negative. The sign of the offset added to the surround was maintained within each two-flash presentation, but varied between each two-flash presentation.
Rationale for randomizing the sign of the offset to the surround after each two flash presentation: Within each two-flash presentation, the relative orientations of the center and surround were preserved since the surround was rotated by the same amount as the center between the two flashes. However after each two-flash presentation, the sign of the orientation offset added to the surround was re-set randomly to be either positive or negative. Hence, the relative orientation difference between the center and surround (caused by the offset) in the first flash could not be used to anticipate the sign of the orientation shift (see Fig. 2 
for illustration).
Rationale for shifting the surround by the same amount as the center between the two flashes. The surround was shifted by the same amount as the central patch in the second presentation. This was done to prevent observers from comparing the location of the edges of the central grating with those of the surround between the two presentations. Although it is conceivable that an observer might be able to perform the task solely on the surround, both observers were instructed to fixate the central patch. In addition, both observers attempted to perform the task using the surround alone and reported that the task was more difficult under these conditions. An orientation discrimination threshold was measured for subject IM on the surround alone and was 6:8 AE 0:24. This is significantly higher than the threshold measured on the center alone (2:11 AE 0:14).
Orientation discrimination thresholds
Thresholds were determined using the method of constant stimuli to sample the psychometric function. The orientation of the first stimulus was chosen Fig. 1 . Example of the stimuli used in the experiments, consisting of a central patch of a 2 cpd sine-wave grating embedded in a surround of a similar spatial frequency and orientation at (a) 30% contrast and (b) 5% contrast. Fig. 2 . Example of effect of randomization. In this illustration, the shift in orientation between the first and second flash will be 20 deg. The offset added to the surround could be either )10 or þ10 deg (in this illustration, it is shown as )10 deg). Although there is a slight orientation difference (referred to as the ''offset'' in the text) between the center and surround in Flash 1, it cannot be used to anticipate the direction of the shift because either of case 1 or case 2 are likely to occur.
randomly from a set of orientations centered about vertical and ranging from )45 to þ45 deg. Sixteen orientation shifts (8 positive and 8 negative) were tested.
Observers initially familiarized themselves with the task prior to threshold collection. Typically observers performed the orientation tasks between 40 (center alone condition) and 80 times before data were collected to calculate thresholds. One run consisted of 20 tests of each of the 16 orientation shifts and typically lasted 20 min. Each orientation shift was sampled at least 200 times. One of the authors and an observer naive to the purpose of the study served as subjects for this experiment. Both observers had normal or corrected to normal vision.
Observers' data on a given condition were pooled across the runs, and a bootstrapping procedure was used to fit a cumulative Gaussian (Foster & Bischof, 1991) . The 75% correct point was chosen as the measure of orientation discrimination thresholds. Error bars on the plots represent the standard deviations of the thresholds at the 75% criterion levels and were derived from the bootstrapping procedure. Orientation biases inherent to individual observers were removed from estimates of thresholds. This was achieved by obtaining the orientation shift at which the observer performed at 50% (this value should be 0 if no biases are present) and removing it from the orientation value corresponding to 75% correct. Bias estimates as obtained from the 50% threshold measure were small for the observers tested (0.1 and 0.5 deg).
Two experiments were carried out to examine the strength and extent of contextual effects on orientation discrimination at high and low contrast levels. In the first, the spatial extent of the surround's effect was derived by measuring orientation discrimination thresholds as a function of the gap width separating the center and surround gratings. In the second, orientation and spatial frequency tuning curves of the surround's effects were measured. In this experiment, either the relative orientations of the center and surround were varied while their spatial frequency was kept the same (experiment 2a), or the relative spatial frequencies of the center and surround were varied, while their relative orientation (AEcollinear) was held constant (experiment 2b).
Results
Orientation thresholds as a function of gap width at high and low contrasts
Orientation thresholds measured for two subjects as a function of the gap width separating the center and surround are presented in Fig. 3 . Open symbols correspond to thresholds measured for stimuli at 5% contrast, and filled symbols for stimuli at 30% contrast. The solid horizontal lines are thresholds measured for the center patch alone for both observers, at 30% contrast. Dashed lines are the thresholds for the center patch alone measured at 5%. Thresholds measured on the center are not significantly different at 5% and 30% contrast levels (error bars have not been included on the lines for clarity). This confirms that orientation thresholds under these conditions, per se, are independent of stimulus contrast (i.e. Skottun, Bradley, Sclar, Ohzawa, & Freeman, 1987; Bowne, 1990) .
As previously reported, the presence of a surround raises orientation thresholds when there is a small gap between the center and surround (Mareschal et al., 2001) . For observer IM, the absolute thresholds measured at 5% contrast with a surround are higher than those measured at 30%, only for gap widths larger than 0.75 deg. For observer JS, thresholds measured at 5% were higher than those at 30% across all conditions. Fig. 3 . Orientation discrimination thresholds for two observers as a function of the gap width with high and low contrast stimuli. Open symbols are data collected at 5% contrast, filled symbols at 30% contrast. Data plots orientation thresholds as a function of the gap width in degrees. Solid horizontal lines are the thresholds measured on the central patch alone at 30% contrast, dashed lines are those measured at 5% contrast.
Furthermore, the masking effect of the surround on the thresholds persists over a longer gap separation at 5% contrast than 30%. For observer IM, the surround's effect at a 1.5 deg separation is still measurable at 5% contrast, but is negligible at 30% contrast (threshold measured approximates that measured in the center alone condition). For observer JS, this effect is also present, out to approximately 2 deg separation. However, the decrease in thresholds as a function of gap width occurs more gradually at 5% contrast for this observer.
Orientation and spatial frequency tuning of surround effects
The orientation tuning of the surround's effects at high and low contrast is presented in Fig. 4 . The data points are the orientation thresholds obtained at a series of orientation differences between the center and surround gratings, from 0 (center and surround gratings were AEcollinear) to 90 deg (center and surround gratings were perpendicular) at a fixed gap width of 0.5 deg. The solid curves are the best fitting Gaussians to the data obtained using Igor Pro (Wavemetrics) and were of the form:
where K 0 represents the baseline, K 1 the amplitude of the elevation from baseline, K 2 the peak, and K 3 the spread.
Estimates of bandwidth (half width at half height: HWHH) were derived for both observers in the 30% contrast conditions (IM ¼ 35.2 deg, JS ¼ 43 deg) and in the 5% contrast conditions (IM ¼ 59.4 deg, JS ¼ 63 deg). Note however that for observer IM in the low contrast condition, a Gaussian could be fit to the data, but the tails of the function do not approach the center alone condition. This could possibly bias the HWHH bandwidth, which is not always a good indicator of the overall, global, tuning of the effect. Comparison of the tuning curves for observer IM (left-hand panels) reveals that presenting the stimuli at low contrast has two effects. The first is to raise the overall absolute threshold 
levels across all center/surround orientation combinations. The second is to increase the range of orientations over which the surround's effects impair the orientation thresholds measured on the center. In particular, even with a 90 deg difference, the surround still exerts a strong influence on the orientation thresholds. In order to obtain a more global estimate of these effects, a different measure of orientation selectivity was used.
As mentioned above, a problem with the low contrast conditions is that the edges of the Gaussian function do not always approach the ''baseline'' level of the data (taken as the center alone condition--the dashed line on the graph), and the bandwidth measure does not capture this feature. A different, more global, measure of orientation tuning is the circular variance (Mardia, 1972) . This measure gives a global estimate of bandwidth by taking into account all points along the tuning curve (not simply those near the peak). Circular variance is defined as:
where R k is the strength of response for the given orientation h k (in radians). Here it corresponds to the orientation threshold elevation for a given center/surround orientation condition (i.e. orientation threshold for the test condition minus the orientation threshold for the center alone). This provides a measure of the threshold elevation resulting from the presence of a surround. Circular variance values range between 0 and 1, where 1 is equal responsivity to all orientations, and 0 is responsivity to only one orientation. The advantage of a circular orientational index is that it provides orientation selectivity indices in situations where the HWHH, the bandwidth, would be ill-defined. However circular variance needs to be calculated using regularly sampled points of orientation values, whereas our data points were closely sampled about the 0 deg orientation difference condition. In order to obtain evenly spaced orientation values, the Gaussian curves fit to the data were sampled in steps of 10 deg and the analytically derived values were used in the calculations. Baseline levels (thresholds obtained using the center alone) were removed from these derived threshold values to calculate the circular variance indices. The circular variance values obtained here were for observer IM, 0.62 (30% contrast) and 0.82 (5%); for observer JS 0.54 (30%) and 0.68 (5%). The non-parametric Wilcoxon rank-sum test was used on these indices to determine whether the results were significantly different at high and low contrast. This test was used because it can be applied to data without requiring any assumptions about the population distribution. For both observers, the circular variance indices at high contrast were statistically different from those at low contrast (significant at a ¼ 0:05 level). So, although the values of circular variance are moderately high indicating fairly broad orientation tuning, they are lower at 30% contrast than 5%. This supports the hypothesis of a broadening of orientation selectivity of the orientation masking effect at low contrast. Fig. 5 plots the results of varying the spatial frequency of the surround on orientation discrimination thresholds at high (filled symbols) and low (open symbols) contrasts, at a fixed gap width of 0.5 deg. The center and surround gratings were AEcollinear and the spatial frequency of the surround was varied from lower (data to the left of the 1:1 ratio) to higher (data to the right of 1:1 ratio) than that of the center (which was held constant throughout at 2 cpd). The solid curves are the best fitting Gaussians to the data, obtained using the same functional form as above but with x as spatial frequency.
A potential confound here is that for the highest surround spatial frequency condition, the apparent contrast of the surround grating was lower than that of the center. To compensate for this, we raised the surround contrast for this spatial frequency to be 10% in the low contrast condition, and 45% in the high contrast condition. These values were chosen using a contrast matching procedure where the observer increased the contrast of the surround until it was perceived to be the same as that of the center.
Comparison of the tuning curves reveals that thresholds are elevated by a broader range of surround spatial frequencies at low contrast than at high contrast. When the center and surround are both at a high contrast (top graphs), the detrimental effect of the surround falls off on either side of the 1:1 ratio. However, and for both observers, this roll-off occurs more gradually for surrounds of a lower spatial frequency (data to the left of the 1 ratio) than for surrounds of a higher spatial frequency (data to the right of the 1 ratio) than the center. In the low contrast conditions (bottom graphs), the thresholds are highest when the center and surround are of the same spatial frequency. However, on either side of the equality ratio, thresholds plateau at a higher level than that measured to the center alone (dashed line). Estimates of bandwidth could not be derived from these functions because of the overall broad tuning of the effects. In order to assess the relative degree of tuning, we characterized the curves by a ratio value R of the form R ¼ K 1 =K 0 ðpeak elevation=baselineÞ R provides a measure of the peak elevation in threshold as a function of the spatial frequency conditions tested. The R ratio is not a bounded value and provides an index for the depth of the modulation of the tuning function. The higher the R value, the more selective the effect. For the data in Fig. 5 , the R ratios are for observer IM 0.5 (30% contrast) and 0.35 (5%); for observer JS 0.27 (30%) and 0.15 (5%). For both observers the R values were higher in the 30% conditions than in the 5% conditions. This indicates that the surround-induced threshold elevation is more tuned for spatial frequency at high contrast than it is at low contrast.
Discussion
We have found that the influence of a surround grating on orientation thresholds measured on a central patch of sine-wave grating is different at high and low contrast. The presence of a surround has been previously reported to raise orientation thresholds in a manner dependent on the similarity of the center and surround (Mareschal et al., 2001 ; and also using bar stimuli, Wehrhahn et al., 1996; Li et al., 2000) . When the center and surround were of the same orientation and spatial frequency, but with a small mismatch (in phase or orientation), thresholds were raised. In Mareschal et al. (2001) , we attributed this effect of the surround on orientation thresholds to two processing stages. In the first stage, we proposed that the orientation information from low-level filters processing the center and surround were pooled separately. The outputs of these two orientation signals were later combined (if center and surround are sufficiently similar) by a higher level mechanism that pooled the signals anisotropically. This higher level could also introduce additional noise into the overall orientation combination.
In the present study, we find that the detrimental influence of a surround on orientation thresholds has different effects at high and low contrasts. It has been demonstrated previously, and we confirmed for the contrast levels used here, that orientation thresholds measured with a single patch of sine-wave grating are contrast invariant at this size (i.e. Skottun et al., 1987 ; 
See text for details. Bowne, 1990) . However, we find that flanking a patch of low-contrast sine-wave grating with a surround of the same low contrast has two main effects. The first is to increase the spatial extent over which the surround exerts its influence (larger gap widths, see Fig. 3 ). The second is to decrease the spatial frequency and orientation selectivity of the surround's influence on the center (Figs. 4 and 5) . Specifically, within the spatial area where the surround has an influence on orientation thresholds, there is a baseline masking effect which carries over across most orientation and spatial frequency combinations of center and surround. A possible interpretation of these results is that the spatial scale of the mechanisms involved in the contextual effects is variable and contrast dependent. Indeed, a manner in which contrast may affect performance on this task might involve both a change in the receptive field properties (Kapadia et al., 1999; Sceniak et al., 1999) as well as a change in the rules of pooling (Levitt & Lund, 1997) . However, based on the results of modeling we found that these changes are not sufficient to account for our results (for model details, see Henrie & Shapley, 2001) . Briefly, the modeling consisted of creating a population of filters spanning all orientations and spatial frequencies (AEone octave) which processed the center and surround (with noise added to the filter outputs). An orientation threshold was obtained on the center after the outputs of these filters had undergone either divisive or subtractive inhibitory interactions with the surround filters. This was done at high and low contrast by changing the scale of the filters using parameters determined from physiological data (Sceniak et al., 1999) . Additionally, in order to examine whether a change in receptive field size was necessary to account for the data, we also examined a conventional fixed filter model of V1. In this fixed filter model, the sizes of the filters are constant but their outputs are scaled with contrast (i.e. magnitude proportional to the strength of the stimulus). This model also failed to account for our data.
Because a straightforward extension of a model based on V1 filters could not account for the contrast effect, we suggest that a higher level image segmentation mechanism influences performance on this task. This idea is highlighted by the stimuli in Fig. 1 where it is apparent that the two contrast conditions are perceptually quite different (compare Fig. 1a and b) . In the higher contrast condition, the center and surround are clearly segregated whereas in the low contrast case, the saliency of this segregation is weaker. It is possible that the strength of the perceptual saliency might influence our task, particularly regarding the surround's baseline masking influence present across both the spatial frequency and orientation differences (Figs. 4 and 5) . Indeed, although at low contrast there might be an increase in the population of neurons from which the surround's influence is Fig. 6 . Low and high level influences in determining orientation thresholds. (A) The center and surround are processed by neuronal populations whose component receptive fields are modifiable by stimulus contrast levels. Two orientation signals arise, one for the center and one for the surround. These signals are pooled in a manner which reflects the interactions between the centre and surround populations (i.e. probably inhibitory interactions, maximal when center and surround are similar but with a small offset). (B) This pooling process may also be influenced by a higher level image segmentation mechanism which can introduce additional noise into the combination process to reflect the saliency of segmentation between the center and surround. pooled, the finding that the thresholds are higher than baseline (i.e. center alone) across most conditions is problematic. We propose that in addition to the changes that may occur at a low level (receptive field size and pooling) in the filters that process the center and surround, higher level image segmentation cues are likely to influence the results. When the center and surround are not as clearly segregated (low contrast conditions), additional noise in the form of feedback from a higher level may be introduced in the combination of the orientation signals from the center and surround surfaces (see Fig. 6 ).
To recapitulate, we suggest that low level filtering changes may underlie part of our results (via the change in the receptive field size as well as changes in pooling). However, in and of themselves, these changes are insufficient to account for our main results. We propose that additional influences from a higher level segmentation mechanism modify performance on this task. These results highlight the dynamic properties of the mechanisms subserving orientation discrimination. We suggest that this is a general phenomenon allowing the visual system to optimize its performance depending on stimulus conditions.
